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TECHNICAL NOTE 3623

CORRELATION OF SUPERSONIC CONVECTIVE HEAT-TRANSFER
COEFFICTENTS FROM MEASUREMENTS OF THE SKTN
TEMPERATURE OF A PARABOLIC BODY
OF REVOLUTION (NACA RM-10)t

By Ieo T. Chauvin and Carlos A. deMoraes
SUMMARY

Local coefficients of convective heat transfer have been evaluated
from skin tempersatures measured along the body of an NACA research misg-
glle designated the RM-10. The general shepe of the body was a parabola
of revolution of fineness ratio 12.2. Heat-transfer data are presented
for a Mach number range of 1.02 to 2.48 and for a Reynolds number range

of 3.18 x 105 to 163.85 x 106 baged on the axisl distence from the nose
to the point at which temperature measurements were made.

Results from the data obtained are presented as the product of
Nusselt number Ny, and the -1/3 power of Prandtl number Np, against

Reynolds number R based on axial distance to the station where the meas-
urements were made. The equation for heat transfer for a turbulent Sound-

ary layer on a flat plate in sgubsonic flow (NNuNPr—l 3 = 0.0296 RO' is

shown to be in good agreement with the test results when the heat-transfer
parameters are based on the temperature Jjust outside the boundary layer.
Basing the correlation of hegt-transfer parsmeters on elr properties cal-
culated at the wall temperature gave results that were in good agreement
with the equation for convective heat transfer for cones in a supersonic

flow NNuNPr-l/3 = 0.034 RO'8. Heat-transfer coefficients from the

V-2 tests correlated on a Nusselt, Prandtl, and Reynolds number relation
gave values that were approximately 15 percent lower than the results
obtained on the RM-10 research missile, for conditions where the param-
eters were based on the temperature Just outside the boundary layer, or
on the wall temperature. Values of recovery factor were obtained for the
stations at which temperature measurements were made and are in agreement
with theoretical values of recovery factors for a flat plate.

lSupersedes declassified NACA Research Memorandum 151418 by Ieo T.
Chauvin and Carlos A. deMoraes, 1951.
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INTRODUCTION

Aerodynamic heating in supersonic flight has long been recognized as
a major problem in the design of supersonic aircraft, and experimental
heat-transfer data for high Mach numbers and Reynolds numbers are in great
demand. Except for some work done on the V-2, gll of the convective heat-
transfer work has been done in wind tunnels utilizing steady-state condi-
tions; however, the results presented herein are for the transient condi-
tions encountered along the trajectory.

Inasmuch as the problem of aerodynamic heating is closely related
with that of skin-friction drag, investigations of these two phenomena
are being carried out simultaneously by the Langley Pilotless Aircraft
Research Division as a part of an NACA program on supersonic aerodynamics.
Models of & specific configuration, designated NACA RM-10, were flight-
tested at the Pilotless Alrcraft Research Station at Wallops Island, Va.

Heat-transfer coefficients obtained from date measured on two
RM-10 test vehicles are presented herein. The transient conditions
encountered during the flight of a rocket-propelled test vehicle are
particularly suited for obtaining aerodynamic heating and heat-transfer
data. The skin temperature measured along the body by resistance-type
thermometers cemented to the inner surface of the skin was continuously
telemetered to a ground receiving station during the time of flight.
From these data the skin temperature, time rate of change of skin tem-
perature, adiasbatic wall temperature, and convective heat-transfer coef-
ficient were determined.

The Mach number range covered in these tests was approximately 1.0
to 2.5. The Reynolds number range, based on free-stream conditions and
distance along the axis of the missile from the nose to the test station,

was spproximately 3.18 x 10 to 163.85 x 10°.

SYMBOLS
A area, sq ft
Cp specific heat of air, Btu/slug/CF
Cy specific heat of wall, Btu/lb/CF

local effective convective heat-transfer coefficient,

Btu/(sec)(sq £t)(°F)

&
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k thermal conductivity of air, Btu/(sec)(sq £t)(OF/ft)
1 distance from the nose along the axis of the body, £t
Nyu Nusselt number, hel/k, dimensionless

Npp Prandtl number, Cpu/k, dimensionless

Q quantity of heat, Btu

R Reynolds number, pVi/p, dimensionless

RF recovery factor

T temperature, OF or °R

t time from start of flight, sec

v velocity, ft/sec

Yr specific weight of wall, 1b/cu ft

H viscosity of air, slugs/ft-sec

P density of air, slugs/cu ft

T thickness, ft

Subscripts:

aw adiabatic wall

W conditions of material pertaining to wall

o] undisturbed free stream ahead of model

8 isentropic stagnation

v Just outside boundary layer

TEST VEHICLES

The generel configuration and body equation of the RM-10 are shown
in figure 1. Figure 2 is a photograph of the test vehicle on the launcher.
The bodies were basically parabolas of revolution having g maximm diameter
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of 12 inches and a fineness ratio of 15; however, the stern was cut off

at 81.3 percent of full length to allow for the installation of the

rocket motor. This decrease in length resulted in an actusl fineness
ratio of 12.2. TFour untapered stabilizing fins were equally spaced around
the afterbody. They were swept back 60° with a total aspect ratio of 2.0L
and had a lO-percent-thick circular-arc crogs sectlion normal to the
leading edge. The design was chosen to attain a high degree of stability
which insured testing at zero angle of attack.

The RM-10 test vehicles were designed for heat-transfer investiga-
tions covering large Mach number and Reynolds number ranges. A minimum
of internal structure was accomplished by internally pressurizing the
models. Figure 3 shows the internal construction of the models.

The test vehicles were all metal in construction, utilizing spun
magnesium alloy skins and cast magnesium alloy tail sections to which
the fins were welded. The skin thickness used for each station is tab-
ulgted in table I. All the surfaces were smooth and highly polished
at the time of flight.

Both models were propelled by a 6.25-inch ABL Deacon rocket motor
carried internally. The case of the rocket motor has a temperature rise
of 50° F which was not sufficient to affect the accuracy of the tests.
This small rise in temperature is due to the internal burning of a
Deacon rocket motor; that is, the burning starts in the center and works
outward toward the case so that the powder and the inhibitor act as
insulators between the flame and the rocket case.

INSTRUMENTATION AND TESTS

Skin temperatures were measured by means of resistance-type ther-
mometers cemented to the inner surface of the skin. These thermometers
were made of fine platinum wire 0.0002 inch in diameter. Reference 1
describes the thermometers more completely.

Thermometers were located at stations 8.9, 17.8, 36.2, 49.9, 86.1,
and 123.5 on one test vehicle (model A) and at stations 14.3, 18.3, and
85.3 on the other test vehicle (model B). Reference 1 shows that these
thermameters had a time lag of 3 milliseconds, corresponding to a maximum
temperature error of 0.3° F for the test conditions where the heat
transfer is the greatest. This error was considered to be negligible
compared with the 3.2° P error due to the thickness of the skin. Continu-
ous temperature readings were telemetered to ground receiving stations.

The models were launched from a zero-length launcher at an elevation
angle of 550. Data were obtained during the decelerating portion of the
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flight trajectory. Trajectory and atmospheric data were obtained from
the NACA modified SCR 584 radar theodolite and by radiosonde observations.
The time history of the flight velocity was obtained from the continuous-
wave Doppler theodolite radar unit (as described in ref. 2). Thermody-
namic properties of the air shown in figure 4 were obtained from refer-
ence 3. The specific heat of the magnesium wall presented in figure 5
wags obtained from reference 4. ‘

Time histories of the measured skin temperature presented in figure 6
were obtained as the vehicles coasted from a Mach number of approximately
2.5 to 1.0. At the time of rocket motor burnout, which was approximgtely
3.2 seconds after the start of flight, the test vehlcles were at their
maximum velocity and Mach number. No skin temperature measurements were
obtained throughout the initial 3.2 seconds, the period of powered flight,
during which time the telemeter signal was unsatisfactory. Properties of
the air in the undisturbed free stream ghead of the models and Mach num-
ber for models A and B are shown in figure 7 plotted against time. Reyn-
olds number per foot, based on free-stream conditions, is shown in fig-
ure 8 plotted against Mach number. The difference in Reynolds number
between the two models is attributed to differences in atmospheric con-
ditions and performance of the rocket motors.

METHODS AND PROCEDURES

The transient conditions encountered during the flight of the rocket-
powered test vehicle result in a heating of the skin by the boundary layer
during the first part of the flight and a cooling of the skin by the
boundary layer during the latter part of the flight. Thus, the skin tem-
persture increases during the heating period, passes through a maximum,
and decreases during the remainder of the flight.

Considering radiation and conduction as negiigible, the heet lost by
the boundary leyer is equal to the heat absorbed by the skin of the model.
The time rate of heat exchange between the boundary layer and the skin is

%%’= heAw(T&w - Tw) (l)

and the time rate of change of the heat contained in the skin is

a

e v A e e — —_——
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Equating equations (1) and (2) and solving for the effective heat-transfer
coefficient results in

4T,

riluTy ——

Y « < -
he T -, (3)

The properties of the wall material are known and the rate of change of
wall tempersture is the slope of the measured time history of the skin
temperature. To obtain the temperature difference Ty, - T, 1t is first

necessary to define the recovery factor.
RECOVERY FACTOR

Recovery factor defined here has been discussed in references 5 and
6 and is briefly defined as the fraction of stagnation temperature rise,
above the tempersture Jjust outside the boundary lsyer, attained by an
insulated wall. As the stagnation temperature is constant throughout
the flow, the recovery factor may be written as

e v (%)

In the absence of radiation and conduction at the peak of the skin-
temperature curve, no heat is being transferred and the skin temperature
and adiebatic wall temperature coincide. It is from this polnt that the
recovery factor is determined. Trajectory and radlosonde data yield the
free-stream static and stagnation temperatures. The temperature outside
the boundary layer is obtained from the free-stream static temperature
by correcting for the local pressure on the body.

Assuming this recovery factor to be constant during the decelerating

portion of the flight, equation (4) may be re-solved to yleld the time
higtory of the adiabatic wall temperature

Toy = Ty + RF(TSO - Tv) (5)
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This adiabatic wall temperature is the temperature that the skin
would have throughout the test range if it had no heat capacity.

ACCURACY

The error introduced 1in evaluating the local convective heat-
transfer coefficients is caused either by inaccurate measurement of the
date or by the assumptions made in the anglysis. IListed in table II are
the meximm values expected of these errors. As the maximms do not
occur at the same time, these errors combine to give a probable maximm
error in evaluating convective heat-transfer coefficients of t6 percent
for the time during which the data were used.

During the time of flight, as the skin temperature gpproaches its
peak, the rate of change of skin temperature approaches zero, as does
the temperature difference T, - T, . Thus, h, becomes indeterminate.
As the rate of change of gkin temperature and the temperature difference
Tew - T, epproach zero, any error in either quantity causes an increasing
error in he, and the scatter in the curve of he against time becomes

large (as can be seen in fig. 9). Therefore, only the data on the smooth
portion of the curve, where the probsble maximm error was written 16 per-
cent, were used.

It can be noticed from figures 12 and 13 that the scatter between
results obtained from similar stations on two different models is 3 per-

cent, or the scatter of tl%vpercent from the mean values. It therefore

appears that the actual errors are substantially less than the maximum
shown by the preceding ansalysis.

RESULTS AND DISCUSSION

Recovery factors shown in figure 10 were obtained for all the test
stations on models A and B. Stations 8.9 on model A and 18.3 on model B
had recovery factors of 0.835, while station 14.3 of model B had a
recovery factor of 0.841l. These were in good agreement with the recovery

factor of 0.846 predicted by the theory of reference 5 (RF = Nprl 2) for

laminar boundary layers. Recovery factors obtalned for the other test
stations agree with the value of 0.894 predicted by theory in reference 7

(RF = NPrl/a) for turbulent boundary layers. In order to evaluate these

theoretical recovery factors, the thermodynemic properties of air in the
Prandtl number were basged on the temperature just outside the boundary
layer.
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Although the recovery factors obtained at three of the stations agree
with the theoretical value for a laminar boundary layer, only station 8.9
on model A has a Reynolds number range that is likely to accompany a
laninar boundary layer. All the heat-transfer coefficients were of the
same order of megnitude and were of a magnitude expected for a turbulent
boundary layer. This suggests that these three stations were in a transi-
tion region where it may have been possgible to obtain laminar recovery
factors in conjunction with turbulent heat transfer. This view is sup-
ported by Eber's tests on cones, at Mach numbers from 1.2 to 3.1 (ref. 8),
in which the heat-transfer data indicated that transition occurred on the
cones, but the measured recovery factors along the cones were equal to
the values predicted by the theory for laminar flow.

Time histories of the measured skin temperatures and the calculsated
adisbatic wall temperatures are shown in figure 11 for stations 8.9 and
12%.5 of model A. The skin-temperature curves show the variation in the
magnitude and time of occurrence of the maximum skin temperature measured
at the extreme test stations on the body; that 1s, a maximum skin temper-
ature of 398° F at 5.35 seconds for station 8.9 and a maximm skin temper-
ature of 279° F at 7.94 seconds for station 123.5. The greater rate of
heat transfer and thinner skin at the forward station cause the .skin tem-
perature there to rise faster and reach a higher peak than at the aft
station, even though the adiabatic wall temperature at the forward sta-
tion is less than that at the aft station. During the cooling part of the
flight, when the adiabatic wall temperature is lower than the skin temper-
ature at a given station, the greater rate of heat transfer and thinner
skin at station 8.9 result in a higher rate of skin cooling at station 8.9
than at station 123.5.

The heat-transfer data obtained in the present test are presented in
figure 12 in terms of Nusselt, Prandtl, and Reynolds numbers. The tem-
perature used to eveluate the viscosity, conductivity, density, velocity,
and specific heat of the air in the aforementioned parameters is the tem-
perature just outside the boundary layer T,,. The flow conditions Just

outside the boundary layer were determined by correcting the free-stream
conditions for the theoretical pressure distribution, which was obtained
from reference 9. (Although theoretical, the pressure distributions thus
obtained have been substantisted by the wind-tunnel test of ref. 10.)

As can be seen from figure 12, the heat-transfer parameter NNuNPr-l/3

is primarily a function of Reynolds number rather than body station; that
is, results obtained at different body stations were the same when the
Reynolds numbers were equal, Although it is expected that the body con-
tour would have some effect on the heat transfer, there was no apparent
effect on the high-fineness-ratio body used for this investigation.

It would be more convenient in reducing the heat-transfer data for
engineering purposes to base the heat-transfer parameters, WNusselt,
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Prandtl, and Reynolds numbers, on conditions of the air in the undis-
turbed free stream ghead of the model. The results thus obtained are
shown in figure 13. This correlation is in good agreement with the
correlation based on local conditions, probably because the free-strean
conditions are not very different from local conditions for this high-
fineness-ratio body.

The equation for thermal conductance for turbulent flow over a flat

plate at subsonic speeds is given as Ny, = Ol0296 RO'BNPrl/3 in refer-

ence 11. This equation results from frictional drag measurements on a
flat plate in parallel turbulent flow as correlated by Colburn (ref. 12)
using a momentum heat-trensfer anslogy. The dashed line shown in fig-
ures 12 and 13 represents the preceding equation. This line falls
remarkebly close to the test dats obtained on the parabolic body of
revolution at supersonic speeds and 1s in agreement with the test results
correlated either on flow conditions Just outside the boundary layer or
on free-stream conditions. While the agreement is better at the higher
Reynolds number, this equation could be used to evaluate the heat-transfer
coefficient with fair accuracy over the entire range of Reynolds numbers
shown.

Investigations similar to those described in this paper were con-
ducted on two V-2 research missiles. Figure 4 of reference 13 shows the
results from the heat-transfer tests on the V-2 research missiles compared
with Eber's correlation (ref. 8), that is, as a plot of Nusselt number
agalnst Reynolds number. For convenience, the letter designations for
the stations are identified with those used in reference 13. These sta-
tions in inches from the nose are as follows:

Configuration Station Distance from

nose, in.
A 2.5
c 6.0
e 12.0
V-2 No. 27 " 12.0 (trip)
K 84.)4-
M 121.4
V-2 No. 19 - hL.71

The thermal conductivity and viscosity of the alr were based on the
adigbatic wall temperature and the density and veloclty on conditions
Just outside the boundary layer. These results are reproduced in fig-
ure 14, The line faired through the points is 40 percent gbove the
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Eber line, For further comparison the RM-10 heat-transfer data, based
on the same flow properties, are also shown. A line faired through the
RM-10 test results is approximastely 60 percent above Eber or 20 percent
above the V-2 line.

Results from the V-2 tests shown in figure 14 are expressed in fig-
ure 15 as NNUNPr_l/B plotted ageinst Reynolds number based on condi-

tions of the air Jjust outside the boundary layer. Reference 13 states
that the decrease at lower Reynolds number in the points M and K for
the V-2 No. 27 and for the point of V-2 No. 19 is attributed to partial
transition. Neglecting these points at the low Reynolds number, the

V-2 heat-transfer data are approximately 15 percent lower than the

RM-10 data represented by the solid curve. The correlation

Nyguler /3 = 0.0296 RO+®  1is shown as a dashed line and falls approxi-

mately 20 percent higher than the V-2 points.

In figure 16, the heat-transfer parameters NNuNPr—l/B from the

RM-10 data are plotted against Reynolds number. The thermal conductiv-
ity, viscosity, and specific heat of air are based on adiabatic wall
temperature, and the density is based on conditions Just outside the
boundary layer. For this temperature basis, somewhat greater scatter
can be seen in the test points. The faired line through the test points
falls approximately 20 percent lower then the flat-plate correlation

Nyullpy /> = 0.0296 KO-8.

The V-2 data are expressed to the same basis as in figure 16 and
are shown in figure 17. For comparison, the RM-10 faired curve and the

flat-plate correlation NNuﬂ?r—l/B = 0.0296 RO‘8 are also shown in this

figure. The V-2 points fall about 15 percent lower than the RM-10 faired
curve and epproximately 35 percent lower than the flat-plate equation.

Heat-transfer parameters NNUNPr-l/3 for the RM-10 data are plotted
(fig. 18) against Reynolds number. The thermsl conductivity, viscosity,
and density of the air are based on the wall temperature. The solid line
in the figure is the faired curve of the RM-10 points. Reference 1kt
gives a theory for heat transfer on cones In a supersonic turbulent
boundary layer (NNumPr_l/S = 0.034 RQ'S) that is approximately T percent
lower than the curved line representing the RM-10 points. The flat-
plate equation Nypy > = 0.0206 B°-8 is showm in the figure as a

dashed line and is approximately 20 percent lower than the RM-10 faired
curve,
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In figure 19, the V-2 heat-Pransfer parametersg are plotted against
Reynolds number. The thermal conductivity, viscosity, and density are
based on wall temperature. Disregarding again for low-Reynolds number
the points K and M and V-2 No. 19 shows the V-2 heat-transfer data to

be roughly 15 percent lower than the RM-10 faired curve reproduced from

figure 18. A line representing the cone theory (ﬁNﬁNPr-l 3. 0.034 39.8)

falls approximately 8 percent above the V-2 data. The flat-plate corre-

lation NNHNPr—l/a = 0.0296 RO'8 is shown by a dashed line spproximately

6 percent lower than the V-2 points.

The agreement between the same approximate stations on models A and
B is well within the estimated accuracy. From the various methods of
correlation it appears that by basing the properties of the air on the
temperature just outside the boundary layer and on wall temperature gave
results that were approximately 15 percent above the V-2 heat-transfer
data and also were in good agreement with the referenced equations.

CONCLUSIONS

Supersonic convective heat transfer has been measured in flight on
two models of the NACA RM-10 missile. The Mach numbers covered by the

tests were from 1.02 to 2.48 and the Reynolds numbers were from 3.18 X 106

to 163.85 x lO6 based on the axial distance from the nose to the stations
where the skin-temperature measurements were made.

Results of the tests indicate that:

l. Heat-transfer parameters from the RM-10 data when correlated on a
Nusselt, Prandtl, and.Reynolds number relation, based on conditions just
outside the boundery layer, showed that the equation for convectlve heat

transfer on a flat plate in a subsonic flow (NNHN?T-l/j = 0.0296 30‘8)

was in good sgreement with the test results, and the results from the
V-2 tests were approximately 15 percent lower than the RM-10 data.

. 2. Correlation of the heat-transfer parasmeters for the RM-~10 on wall
temperature showed that the equation for cones for convective heat transfer

in e supersonic turbulent boundery layer (NN&NPr-l/B = 0.034 RO.B) was in

good agreement with the test results and the results from the V-2 tests
were gpproximately 15 percent lower than the RM-10 data.

3. The RM-10 heat-transfer data are approximately 60 percent higher
than Eber's empirical equetion.

N e e n e e e e o —— e e e e et e ————— e = -



12 NACA TN 3623

4. Good agreement was obtained between the heat-transfer coefficients
of models A and B and the scatter is within the estimated accuracy of
t6 percent. -

5. Recovery factors measured along the body are in agreement with
the flat-plate theory.

6. No evidence of boundary-layer transition was apparent in the
heat-transfer data.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronsutics,
Iengley Field, Va., January 18, 1951.
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TABLE I.- SKIN THTICKNESS AT TEST STATIONS

Model Station Skin thickness,
in.
(1)
A 8.9 0.0587
17.8 .0587
36.2 .0927
k9.9 .0816
86.1 - .0933
123.5 .0863
B 14.3 0.0591
18.3 .0591 -
85.3 .0935
1

Station number denotes axial dis-
tance from nose measured in inches.

TABLE IT.- ACCURACY

Maximum error in
Sources of error convective heat-
transfer coefficient,
percent
A possible error in measured
skin temperatures of
12 percent of maximum skin
temperature at that station th
Sumation of temperature lag
through the skin and of the
thermometer t1
Possgible 12 percent error in
skin thickness 2
Neglected heat flows in making
heat balances th%
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thickness ratio=0.10
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Figure l.- General configurstion and body equation of the NACA RM-10.
Dimensions are in inches. Btetlion number denctes exial distance
from nose in inches. Body profile equation Y = 6.000 -~ 0.000T4O
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Figure 2.

Photograph of model in launching position.
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Figure 6.- Skin-temperature time history.
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Figure 10.- Recovery factors obtaeined at the test stations on the vehicle.
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